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Abstract

Schizophrenia is a chronic and debilitating mental illness characterized by a broad range of
abnormal behaviors, including delusions and hallucinations, impaired cognitive function, as well
as mood disturbances and social withdrawal. Due to the heterogeneous nature of the disease, the
causes of schizophrenia are very complex; its etiology is believed to involve multiple brain
regions and the connections between them, and includes alterations in both gray and white matter
regions. The onset of symptoms varies with age and severity, and there is some debate over a
degenerative or developmental etiology. Longitudinal magnetic resonance imaging studies have
detected progressive gray matter loss in the first years of disease, suggesting neurodegeneration;
but there is also increasing recognition of a temporal association between clinical complications at
birth and disease onset that supports a neurodevelopmental origin. Presently, neuronal
abnormalities in schizophrenia are better understood than alterations in myelin-producing cells of
the brain, the oligodendrocytes, which are the predominant constituents of white matter structures.
Proper white matter development and its structural integrity critically impacts brain connectivity,
which affects sensorimotor coordination and cognitive ability. Evidence of defective white matter
growth and compromised white matter integrity has been found in individuals at high risk of
psychosis, and decreased numbers of mature oligodendrocytes are detected in schizophrenia
patients. Inflammatory markers, including proinflammatory cytokines and chemokines, are also
associated with psychosis. A relationship between risk of psychosis, white matter defects and
prenatal inflammation is being established. Animal models of perinatal brain injury are successful
in producing white matter damage in the brain, typified by hypomyelination and/or
dysmyelination, impaired motor coordination and prepulse inhibition of the acoustic startle reflex,
recapitulating structural and functional characteristics observed in schizophrenia. In addition,
elevated expression of inflammation-related genes in brain tissue and increased production of
cytokines by blood cells from patients with schizophrenia indicate immunological dysfunction and
abnormal inflammatory responses, which are also important underlying features in experimental
models. Microglia, resident immune defenders of the central nervous system, play important roles
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in the development and protection of neural cells, but can contribute to injury under pathological
conditions. This article discusses oligodendroglial changes in schizophrenia and focuses on
microglial activity in the context of the disease, in neonatal brain injury and in various
experimental models of white matter damage. These include disorders associated with premature
birth, and animal models of perinatal bacterial and viral infection, oxygen deprivation (hypoxia)
and excess (hyperoxia), and elevated systemic proinflammatory cytokine levels. We briefly review
the effects of treatment with antipsychotic and anti-inflammatory agents in models of perinatal
brain injury, and comment on the therapeutic potential of these strategies. By understanding the
neurobiological basis of oligodendroglial abnormalities in schizophrenia, it is hoped that patients
will benefit from the availability of targeted and more efficacious treatment options.
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Introduction

Schizophrenia is a severe mental illness that represents one of the most heterogeneous
mental disorders in human disease. The heterogeneity of symptomatology and etiology is
likely to reflect multifactorial causes, and at the neurobiological level, the involvement of a
variety of non-neuronal cell types in multiple anatomical regions of the brain. Patients
diagnosed with schizophrenia frequently present with positive and negative symptoms of
abnormal brain function, i.e. hallucinations and thought disorganization, as well as social
withdrawal and apathy, even extending to mood disorders such as depression and anxiety
(table 1). Cognitive ability, including facets of attention focus and working memory, which
subserve higher levels of executive function, is consistently impaired in schizophrenia.
Although gray matter changes are an important component in the pathology of
schizophrenia, emerging evidence of defects in white matter (WM) integrity, including the
fiber bundles of the internal capsule and corpus callosum, have shown that changes in WM
structure are strongly associated with abnormal or decreased structural and functional
connectivity [1, 2]. Structural connectivity refers to macroscopic physical wiring while
functional connectivity is defined by the neural dynamics of temporally and functionally
related but spatially remote physiological events [3]. In addition, there is also evidence for
altered axonal conduction velocity in schizophrenia patients [4]. Abnormalities in
connectivity are found to underlie cognitive impairment at disease onset [5]. The
relationship between WM integrity and executive function is now well established in both
infants and the aged [6, 7]. Thus the origin of these WM abnormalities in the pathology of
schizophrenia is a primary area of concern. At present, more evidence supports the
neurodevelopmental rather than the neurodegenerative theory, as experimental models of
maternal infection and perinatal hypoxia-ischemia have been shown to lead to abnormal
WM development. Indeed, obstetric complications and prenatal infection are predisposing
factors to neurological deficits, while inflammation and immune activation in the central
nervous system (CNS) are also among the shared characteristics in patients and in
experimental models. The present article will attempt to highlight the role of CNS
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inflammatory mediators in the generation of perinatal WM lesions, which ultimately lead to
behavioral characteristics that resemble functional aspects of schizophrenia. Specifically, we
will attempt to address the oligodendroglial and microglial abnormalities associated with the
onset of the disorder in these models as well as review some recent findings in
pharmacological approaches to intervention.

The Prodromal High-Risk Phenotype and Onset of Schizophrenia

Based on clinical studies over the last 2 decades, accumulating evidence has indicated that
schizophrenia develops by a process that may be divided into at least 3 stages: the prodrome
(prepsychatic), the first episode (psychosis onset), and chronic illness [8]. The prodromal
phase typically starts in early adolescence or late childhood, during which signs of delayed
neurodevelopment, presentation of attenuated psychotic symptoms, or a significant decrease
in functioning (table 1) may be identified as risk indicators for future psychosis. A widely
used approach to the investigation of this phase, variably termed ultrahigh risk (UHR),
clinical high risk or at risk mental state, enables researchers to assess psychopathological
and neurobiological characteristics of the putative prodromal state in longitudinal studies.
Thus, individuals at high risk, i.e. who are presenting with subthreshold and attenuated
psychotic symptoms, have an enhanced likelihood of developing a psychotic disorder over
time. The rate of transition to psychosis, however, measures predictive value within a
defined, and often relatively short, period of time. This rate depends not only on inclusion
criteria but also on patient sampling and treatments used. A recent meta-analysis of more
than 2,500 high-risk subjects quantified such vulnerability with a transition risk increasing
from 18% after 6 months up to 36% after 3 years since the first presentation [9]. Notably,
most of the subjects (73%) who will later develop a psychotic illness will transit to an
ICD/DSM schizophrenic psychosis rather than to an affective psychotic illness (11%, risk
ratio = 5.4) [10]. The latter is a condition showing both schizophrenic (psychotic) and mood
disorder (affective) components, and is itself characterized by two subtypes: a depressive
subtype and a bipolar subtype with manic episodes. Because of the controversy about the
inclusion of schizoaffective disorders as a variant of schizophrenia, ongoing efforts
primarily focus on the clarification of the diagnoses of these complex and often overlapping
conditions — schizophrenia, schizoaffective and mood disorders — since very few studies
investigate their neurobiology as separate conditions [11].

The high-risk state (for a comprehensive review, see Fusar-Poli et al. [12]) is usually
associated with distress symptoms, impaired quality of life, and subtle, albeit significant,
deficits in cognitive functioning (table 1). At the neurobiological level, there are gray matter
reductions in the temporoparietal, prefrontal and limbic cortex [13], as well as altered
function and neurochemistry [14]. Some of these brain abnormalities are associated with the
high-risk state, while others can predict the longitudinal development of psychosis [15].
Given the low success rate of postonset intervention, the shift toward preonset strategies has
become a subject of intense debate. Understandably, classification schemes for the disorder
have greatly increased in complexity [16], and interest in criteria for the prepsychotic phases
has grown to an extent that a new diagnostic category is being proposed for inclusion in the
forthcoming DSM-5 [17]. New treatments are under investigation to reduce the disability
associated with high-risk symptoms or to prevent the frank onset of illness [18]. Given the
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significant burden of social and clinical efforts paid to the treatment of chronic
schizophrenia, the identification of core neurobiological alterations predating the onset of
the illness is of great economic relevance. Presently, studies addressing neuronal
development during this phase are very promising [19]. In contrast, the investigation of WM
alterations during the early psychotic phases is still in its infancy, but is rapidly gaining
momentum. We will try to address core neurobiological issues regarding WM damage in the
following sections.

Relationship between WM Alterations and Schizophrenia: Neurobiological Basis for a
Developmental Origin

It is well established that gray and WM volume is decreased in the brains of schizophrenia
patients [20] and that tissue loss in brains of patients with schizophrenia includes temporal
lobe reduction [21], enlarged lateral or third ventricles [22], and reduced frontal lobes [23].
Following the onset of disease, the progressive changes in brain tissue volume, detected by
magnetic resonance imaging (MRI) in longitudinal studies, suggest a degenerative process,
although histopathologic hallmarks of destruction and degeneration, such as neuronal death
and gliosis, are noticeably lacking in schizophrenia [24]. Given that gray matter changes are
known to precede clinical symptoms and psychotic illness [25], and that individuals who
later developed frank illness showed cognitive and motor abnormalities previously at a
young age, it is now widely believed that such changes are derived from a
neurodevelopmental origin. This hypothesis proposes that some cases of schizophrenia
result from early brain insult, either pre- or perinatal, which negatively impacts brain
development, resulting in abnormalities in the mature brain [26]. Indeed, preterm infants
with WM injury and chronic lung disease display brain tissue volume alterations [27], and
WM injury in the premature infant has been found to subsequently lead to reduced gray
matter volume at term [28]. These provide a strong argument for a need to better understand
the developmental aspect of WM changes in approaching the etiology of schizophrenia.

Myelin functions as electrical insulation for axons, which maintains the amplitude and
conduction velocity of the propagating action potential during saltatory conduction. WM of
the CNS consists of axon bundles ensheathed by the compacted processes of a distinct class
of myelin-forming neuroglia known as oligodendrocytes. Specific abnormalities in myelin
are increasingly observed in patients with schizophrenia [29], including decreased numbers
of oligodendrocyte cells [30], increased apoptotic oligodendrocytes, axonal atrophy and
swelling of oligodendrocyte processes [31]. Changes are also found in the expression of
oligodendrocyte-associated genes [32], with decreases in specific myelin proteins located
within myelin sheaths (myelin and lymphocyte protein and myelin-associated glycoprotein;
table 1) [33]. Analysis of brain microstructure by MRI techniques such as diffusion tensor
imaging (DTI) has revealed reduced fractional anisotropy (FA) in bipolar and paranoid
schizophrenia patients [34]. FA measures the directionality of water movement within
spaces between axons, and thus provides structural information regarding WM tract
integrity, density or organization. MRI has revealed deficiencies in patients in
interhemispheric connectivity [35], particularly within the myelin-rich areas of the corpus
callosum [36] and cingulum [37]. As expected, some changes have been associated with
motor dysfunction [38] and more frequently, with deterioration of higher executive
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functions [39]. WM abnormalities are already detectable in UHR subjects with prodromal
symptoms, showing lower WM volume in the temporal lobe [40], which appear to progress.
Based on DTI analysis of this region, the reduction in FA in the UHR group compared with
healthy controls was smaller than for first-episode schizophrenics [41], and longitudinal DTI
studies in the UHR group confirmed the progressive reduction in FA in those who
eventually developed psychosis [41]. In fact, growth of the WM was found to be
significantly attenuated over time in UHR adolescents [42], which suggests that
developmental abnormalities may indeed contribute to changes in brain structure at the time
of disease onset [43].

The cellular alterations that underlie reduced myelination and delayed WM development is
therefore a subject of great importance. In the myelin-containing WM of the CNS, the
normal developing oligodendrocyte undergoes dramatic morphological changes as it
develops from a spindle-shaped, proliferative oligodendrocyte progenitor cell (OPC) with
few cellular extensions to a branched preoligodendrocyte and membranous postmitotic
myelinating oligodendrocyte (fig. 1). These changes are accompanied by the stage-specific
expression of cell surface and myelin component proteins, which are widely used to identify
the discrete phases of cellular maturation. As many of these markers (fig. 1) were originally
and extensively characterized with rat tissue culture and rodent brain histology, their
applicability to studies of the human WM tissue warrants careful analysis [44]. Olig2 (fig.
1), a transcription factor essential for specification and maturation of the oligodendrocyte
lineage [45-47], is widely used in the characterization of lineage changes in development
and disease. A single nucleotide polymorphism in the Olig2 gene, identified as a risk
variant, was recently found by a DTI study to be associated with reduced WM integrity [48].
Although its role is still not understood, this is consistent with the relationship between
alterations of this cell lineage and risk of schizophrenia. In the developing human brain, the
WM is vulnerable to hypoxia-ischemia and oligodendrocyte loss by oxidative damage at 28—
32 weeks of postconceptional age, when late oligodendrocyte progenitors, or O4-expressing
preoligodendrocytes, are abundant [49, 50]. Studies have shown that early postnatal ages of
the rat and human infant overlap in specific developmental windows of equivalence with
regard to the state of maturation of the oligodendroglial lineage. Additionally,
oligodendrocyte development in the gray matter regions, which occurs later than in WM,
further extended the anatomical regions and periods of susceptibility to oligodendroglial
damage due to hypoxia-ischemia [44]. In addition to loss of mature oligodendrocytes, there
is increasing evidence of abnormalities in the development of the oligodendroglial lineage.
In an effort to understand changes in signaling mechanisms in schizophrenia, a microarray
gene expression study using samples from a tissue bank revealed increased expression of
cell cycle proteins, namely cyclins D1 and D2, in the anterior cingulate gyrus of
schizophrenia patients compared with controls [51], accompanied by decreased levels of
cyclin-dependent kinase inhibitors p27Kipl and p57Kip2. Statistical analysis drew positive
correlations between p27Kipl, p57Kip2 and oligodendroglial marker expression, indirectly
suggesting the possibility of re-entry of postmitotic oligodendrocytes into the G1 phase of
the cell cycle [51]. Analysis of gene expression at the RNA level in the internal capsule of
schizophrenia patients revealed increased levels of genes involved in the maintenance of cell
cycle activity, along with decreased caspase 3 and genes responsible for cell cycle arrest
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[52]. These observations suggest that oligodendrocytes in healthy controls turned over more
rapidly than those in schizophrenia, and that cell cycle exit and maturation of
oligodendrocyte precursors are impaired [52]. Consistent with this finding of abnormal cell
cycle properties, a recent study has found that neural biopsies from schizophrenia patients
show increased proliferation when cultured, and neural stem/progenitor cells that are derived
from these biopsies showed increased proliferation rate and altered cell cycle dynamics [53],
indicating changes in developmental characteristics. These results support the notion that
cellular changes leading to WM abnormalities in schizophrenia could include not only cell
death in the lineage but also delayed maturation of the progenitor cell population.

Developmental Origins: Periventricular WM Damage and Schizophrenia—The
neurodevelopmental hypothesis of schizophrenia posits that early disruption of brain
development can modify the trajectory of subsequent brain growth. Numerous studies have
analyzed risk factors for schizophrenia that impact brain development during early life.
Epidemiological data have revealed prenatal nutritional deficiency [54], prenatal famine,
prenatal infection [55], pregnancy and birth complications as important risk factors for
schizophrenia, strongly implicating a developmental basis for the illness. It is well
established that obstetric complications occurred in many schizophrenic patients [56, 57].
These include: (a) problems in pregnancy, e.g. bleeding, antepartum hemorrhage, gestational
diabetes, and rhesus incompatibility; (b) abnormal fetal growth, e.g. congenital
malformations and abnormal head circumference, and low birth weight, and (c) problems
with delivery, e.g. premature rupture of membranes, preterm birth, neonatal asphyxia
(hypoxia-ischemia), and emergency cesarean sections [58—60]. Periventricular WM injury
(PWMI) or damage, a frequent cause of brain injury in premature or preterm infants,
consists of a spectrum of cerebral injury which ranges from necrotic foci to diffuse
myelination defects, generally presenting as lesions adjacent to the lateral ventricles [61]. As
will be discussed later in relation to periventricular leukomalacia (PVL), the consequences
of PWMI range from mild to severe motor deficits (such as in cerebral palsy), including
cognitive and learning disabilities [62, 63], but the contribution of PWMI to behavioral
abnormalities, without cerebral palsy, is unclear.

Many different animal models have been developed for the study of schizophrenia, which
target both gray matter and WM components: these include the pharmacological
manipulation of dopaminergic, glutamatergic, serotoninergic and GABAergic
neurotransmitter systems, as well as genetic disruption of specific genes. Of the genes
consistently associated with schizophrenia, i.e. Neuregulin, Akt, Disrupted in Schizophrenia
(DISC) and dysbindin, both Akt and DISC1 have been implicated in WM function. Akt/
mTOR signaling is critical for oligodendrocyte development [64], while a common missense
variant in DISCL1 has been linked with WM integrity and schizophrenia [65]. In addition,
experimental animal models have been developed that emulate many of the perinatal
exposures arising from obstetric complications mentioned above, and these have proven to
be highly informative toward the study of premature brain lesions. Despite substantial
support for the neurodevelopmental basis of schizophrenia, the advent of high-resolution,
noninvasive imaging techniques like MRI has facilitated the re-emergence of longitudinal
evidence for neurodegeneration, with enlarged brain ventricles [66] and reduced tissue
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volume [23, 67] during the first years of disease onset. These findings of progressive gray
matter loss in some patients have prompted the combined view of schizophrenia as a disease
with both neurodevelopmental and neurodegenerative features. Toward the
neurodevelopmental theory of schizophrenia, however, both prenatal and neonatal lesion
models are of immense value, as the delayed onset of symptoms corresponds to the
manifestation of schizophrenia in humans. Many of these perinatal lesions in the CNS of
rodents, designed to mimic PWMI in various forms, invoke an inflammatory response and
WM injury in a way that is also detected as dysmyelination in the adult CNS. These
paradigms of maternal or neonate infection, hypoxia-ischemia, hyperoxia and cytokine
injection, will be discussed further in subsequent sections.

Inflammation, Microglia and WM Disease

Cytokines are critical mediators of early defense mechanisms against infectious agents.
These low-molecular-weight proteins are secreted in response to environmental stimuli by
many cell types, besides typical immune cells like microglia, macrophages and
lymphocytes. In contrast to hormones, the action of cytokines is not endocrine, but instead
autocrine or paracrine. Their roles in both immune defense and neural cell development are
nonetheless wide ranging, including recruitment of lymphocytes, regulation of immune cell
homeostasis, and cell survival. In the CNS, cytokine activity in the context of their target
cells displays remarkable pleiotropy, as their receptors are also expressed by glial and
neuronal cell types [68]. Cytokine and cytokine receptors are expressed during fetal brain
development in both rodents and humans, suggesting roles in normal neural cell
development [69, 70]. However, abnormal placenta levels of proinflammatory cytokines
such as TNF-a and IL-6, elevated as a result of prenatal inflammation induced by
lipopolysaccharide (LPS) or malnutrition, lead to increased vulnerability to complex brain
disorders such as schizophrenia [71]. Cytokines (e.g. TNF-a, IFN-v, IL-1f, IL-6, IL-10)
mediate early defenses during infection and injury; they regulate the differentiation and
activation of cells of the immune system, recruiting and activating lymphocytes through the
delicate balance between pro- and anti-inflammatory signals. In pathological conditions,
cytokines can affect nonimmune cell types directly by modulating gene expression and
development [72], regulating protein synthesis [73], inducing cell death [74, 75] and
stimulating stress cascades [76], thereby resulting in disruption of neurodevelopmental
processes.

Inflammation in the CNS occurs in disease and injury, and involves the activity of
microglia, which are resident immune cells of the CNS. Microglia represent almost 10-20%
of adult CNS cells and may be considered the CNS equivalent of macrophages. Unlike
neural cells, microglia are of mesodermal origin, and they enter the CNS during fetal
development. Activated microglia possess the abilities of cytokine production, antigen
presentation and phagocytosis. Resting or ramified microglia send out multiple branched
processes which sense changes in their microenvironment [77] (fig. 1). When potential
threats are recognized, these processes retract and microglia become oriented toward the
injury site [78]. Little is known about these ramified microglia, but new roles in
neuroprotection are emerging. Microglial cells participate in developmental pruning of
synapses [79] and even minimizing excitotoxicity in neurodegeneration [80]. When

Dev Neurosci. Author manuscript; available in PMC 2015 August 10.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chew et al.

Page 8

activated, ramified microglia take on an ameboid shape with short processes, and the
changes associated with their activation, such as increased cytokine production and
expression of ‘hematopoietic’ markers like CD45, MHC class Il antigens, CD40 and CD86,
are known to constitute early events in many disease models (fig. 1). Microglia sustain and
propagate inflammation during autoimmune inflammation, and they are primary reservoirs
of proinflammatory cytokines such as IL-6, TNF-a and even IFN-y [81]. They also act as
antigen-presenting cells in the CNS [82]. For exhaustive coverage of the intricate
mechanisms, receptors and signals that regulate microglia physiology, the reader is directed
to a recent comprehensive review by Kettenmann et al. [83].

In the mature CNS, the transformation of the resting/ramified microglial cell by
environmental stimuli involves shortening of cellular processes, and acquisition of an
ameboid shape with polarized protrusions for migratory and phagocytic activities. Like
macrophages, microglial activation is not considered a series of discrete on/off states, but
rather a large complex continuum of phenotypes. Simplistically, the extremes of these
phenotypes, termed M1 and M2, as applied to macrophage activation, refer to classical
proinflammatory activation and alternate anti-inflammatory states, respectively (fig. 1) [84].
During the course of activation, the resting or surveillance microglia progress through
alerted, proliferative and executive phases [83]. The balance of these activated states —
detrimental or beneficial — is determined by environmental stimulus and intercellular
influence. It would not be unreasonable to infer that the outcome of microglial activation
would also be regulated by anatomical location [85], signal specificity, intensity and other as
yet uncharacterized factors. In fact, regional differences in the adult mouse brain have been
reported that are amplified after systemic challenge with bacterial endotoxin. The microglia
in WM and caudal areas of the CNS showed greater upregulation in markers of activation
than in gray matter rostral regions [86], which was correlated with declining cerebellar
integrity and motor function with age. This indicates preferential compartmentalization of
microglial activity in the CNS and may explain the differential vulnerability of these distinct
brain regions in aging, infection and injury.

In the context of development, the morphological classification of microglial cells also
includes resting/ramified, intermediate and ameboid forms. Ameboid microglia are found in
the developing rodent brain [87] which are derived from circulating monocytes invading the
brain during embryonic and early postnatal life. They also perform multiple functions —
MHC class | antigen presentation (restrictive elements for cytotoxic and suppressor
lymphocytes), MHC class Il molecular expression, and participation in the function and
maturation of T lymphocytes [88]. Studies of early microglial colonization indicated
successive waves of microglial population of the fetal human brain: ameboid microglia first
invade the diencephalon and telencephalon at 5 gestational weeks, then a second wave
migrates into the brain via the vasculature at 12 gestational weeks [89]. Using tomato lectin
and CD68 to label total and activated microglia, respectively, Billiards et al. [90] observed
in developing human brains that ramified microglia were only detected at the earliest age of
20 postconceptional weeks, and intermediate ameboid microglia were abundant in the
cerebral WM from 23 to 35 postconceptional weeks. This coincides with the peak period of
vulnerability to PVL (see below), which occurs between 24 and 35 weeks. Later in
gestation, microglia are reduced, and, as in the adult rodent, most microglia appear ramified
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[91]. In addition, the numbers of activated microglia are higher in the prenatal brain,
especially in the cerebral WM [92], suggesting involvement in PWMI of premature infants
[89]. Thus, a functional relationship between microglia and different developing neural cells
is proposed, which includes (a) phagocytosing debris resulting from apoptotic death and
synaptic pruning [93] and (b) association with WM tracts [94] en route to the cerebral
cortex, both with implications for normal maturation and myelination [95]. These
relationships thus place the microglial cell in an unenviable position of a double-edged
sword for developmental control and vulnerability to injury.

Microglial Plasticity—Although the NG2 chondroitin sulfate antigen (fig. 1) is widely
recognized as a cellular marker for OPCs particularly in WM regions, studies have described
the expression of this antigen in microglial cells after injury [96]. In a study of cells isolated
from adult and fetal human brain tissue, it was reported that the large majority of NG2-
expressing cells in fact belonged to the microglial lineage based on their expression of CD68
and CD11c [97]. Such observations have contributed to an intense interest in the
significance of ‘ectopic’ NG2 expression, and in the plasticity and multipotency of
microglia, which may be context-dependent and highly relevant to disease states. In a model
of facial nerve axotomy in adult rodents, it was found that the NG2-expressing cells, which
had encapsulated the axotomized facial motoneurons, were microglia identified by OX42
and lectin immunopositivity [98]. NG2 was found to be induced in activated microglial cells
in pups and adult rats injected with LPS, the bacterial endotoxin commonly used to mimic
bacterial infection in animal models of inflammatory disease (discussed below) [99]. LPS is
known to stimulate the production and release of proinflammatory cytokines from microglia.
When microglia were transfected with sSiRNA to attenuate the expression of NG2, nitric
oxide synthase (NOS) and cytokine expression was silenced. This indicates that NG2
mediates the production of cytokines and NOS in activated microglia [99]. Genetic ablation
of NG2 in mice reduces the proliferation and abundance of not only OPCs, but also
pericytes and microglia in the demyelinated adult spinal cord, altering the course of injury
by decreasing both damage and repair [100]. In addition to their ability to express NG2,
microglia have also been shown in culture to express antigenic markers that are
characteristic of OPCs and preoligodendrocytes, e.g. A2B5, O4 [101]. In this study,
microglia were also capable of morphological plasticity, extending processes and expressing
markers of neurons, oligodendrocytes and astrocytes [101]. However, these microglia did
not show the expected characteristics of neurospheres generated from stem cells, as they
lacked neural stem cell markers Musashi-1 and epidermal growth factor receptor [101].
Chronic exposure for more than 10 days to low-dose IFN-y induced microglia in culture to
express neuronal markers, including y-aminobutyric acid and glutamic acid decarboxylase
67, proteins typically found in interneurons, whereas low doses of IL-4 instead induced the
expression of oligodendrocyte markers and dendritic cell marker CD11c [102]. In an adult
injury model under trimethyltin intoxication, OX42 and ED-1+ (CD68) microglia were
found to express O4 and even APC/CC1, a marker of more mature oligodendroglia, together
with nestin [103], prompting the authors to propose that this injury stimulus transforms two
classes of glia— NG2+ progenitors and microglia — into ameboid cells with properties of
both oligodendrocytes and monocytes. Taken together, these studies suggest that microglia
possess the potential to directly alter the neural cell response to brain damage. In view of
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recent gene expression studies implicating defective progenitor cell differentiation in
schizophrenia [104], it is possible that microglial activation and plasticity could contribute to
such defects. Since many WM injuries are accompanied by increased numbers of NG2+
cells, it is clear that much more work is needed to understand the full extent of the role(s) of
apparent microglial multipotency in the damage and recovery of various developmental and
adult brain lesions, and the possibility of involvement of progenitor-like microglial
activation states in schizophrenia.

Thus, at many levels, microglia help shape the inflammatory response to injury and
participate in modulating WM damage in the developing brain [105, 106]. There is evidence
of both cytotoxicity to and protection/repair of cells of the oligodendroglial lineage by
microglia, as the lack of TNF-a delays remyelination in the adult [107]. This feature of
microglial activation underscores the complexity of cellular responses to microglia-
activating stimuli. Their effects on oligodendrocytes have been found to be dependent upon
the developmental stage of the oligodendrocytes [108], but much is still to be learned about
microglia-oligodendroglia interactions in development and disease. Evidence of
neuroinflammation and alterations in microglia have been found in schizophrenia patients
[109, 110], although the anatomical regions analyzed in these studies would implicate
microglial activities in gray matter neuronal loss rather than WM changes. Nonetheless,
findings of impaired monocyte activation in schizophrenia [111], which could lead to low-
grade inflammation, suggest that the inflammatory environment could indirectly impact glial
development and repair (table 1). In the following sections, we will highlight selected
conditions of perinatal WM disease known to involve underlying inflammatory processes, as
well as experimental models of developmental WM injury, with an emphasis on microglial
properties and their detrimental effects on oligodendroglia in the CNS.

PVL and Neurological Problems in Infants of Premature Birth—Maternal
infections and inflammation during pregnancy are known to be associated with preterm
labor, and brain injury is a common problem arising from these births [112]. Due to these
complications, as many as 40-50% of survivors of premature births that are delivered at
very low birth weight (i.e., <1,500 g birth weight) show developmental disabilities: 5-10%
develop cerebral palsy, 15-25% show major cognitive deficits, and over 50% receive
specialized help at school [113, 114]. Low birth weight is recognized as an important risk
factor for respiratory distress syndrome, severe infections, and hypoxic-ischemic or
hemorrhagic injury, all of which negatively impact healthy brain development [115]. The
corpus callosum connects the majority of the neocortical structures and constitutes the
largest WM fiber bundle in the human brain. Imaging studies in children, adolescents and
adults have documented smaller corpus callosum size and altered diffusion patterns to be
associated with preterm births [116]. Low FA values within multiple WM regions, including
the corpus callosum, in brains of adolescents born prematurely at very low birth weight
[117] are associated with impairment of motor function [118]. Deficits persist into adulthood
[119], with cognitive ability, measured in 1Q tests, found to be significantly impaired even
by 19 years of age [120]. These young adults continue to show decreased FA in major WM
tracts, indicating the lasting structural and functional impact of an adverse perinatal event
[121].

Dev Neurosci. Author manuscript; available in PMC 2015 August 10.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chew et al.

Page 11

In an infection, maternal tissue is capable of producing cytokines [122], and their potential
transfer from mother to fetus and amniotic fluid may constitute a possible mechanism of
fetal injury. During normal pregnancy, both pro- and anti-inflammatory cytokine responses
are maintained, but anti-inflammatory cytokine production increases while proinflammatory
cytokines decline with gestational age [123]. Therefore, preterm fetuses show a more robust
proinflammatory response than term infants. It was found that the response to microbial
invasion, as measured by IL-6 levels, was higher in umbilical cord plasma from preterm
than term neonates [124]. This would suggest that, from a protective standpoint, premature
brains are more vulnerable to inflammatory dysregulation and damage than term brains.
Jeopardizing brain development greatly increases the chances of long-term psychiatric
disorders, such as attention deficit/hyperactivity disorder (ADHD), anxiety disorders [125,
126], and schizophrenia spectrum disorders [127].

WM damage, which includes PVL in severe cases, is associated with hypomyelination and
is recognized as the main pathology associated with neurological morbidities of premature
birth [128]. PVL consists of focal necrosis, diffuse reactive microgliosis and astrogliosis in
the WM surrounding the ventricles [49, 90]. Very preterm infants born at <30 gestational
weeks or with very low birth weight (<1 500 g) are at high risk of PVL. The causes of PVL
are multifactorial, with primary contributions from ischemia/reperfusion at birth and
inflammation arising from maternal and perinatal infection, hypocapnia and hyperoxia [128,
129]. The cytokines IL-1, -2 and -6 and TNF have been detected in the microglia of
newborns with PVL [130, 131]. Similarly, elevated apoptotic activity and high intracranial
expression of inflammatory cytokines have been found to be associated with cystic WM
damage in preterm infants suffering from posthemorrhagic hydrocephalus [132, 133].
Because cystic lesions of PVL have since declined in occurrence due to improved critical
care management, the field has turned its attention to diffuse injury, or PWMI, which is
prevalent at alarming frequency in many survivors of premature birth. Noncystic PWMI
comprises more than 95% of brain lesions in preterm infants [134], and epidemiological
evidence also indicates the involvement of inflammatory processes.

In normal developing telencephalon, microglia are concentrated at junctional regions of WM
internal and external capsule [135]. These microglia clusters are thought to be related to
phagocytic events in developing axon bundles. In a study comparing very preterm infants
with preterm infants suffering from PWMI, axonal crossroads in the frontal lobe showed
greater microglia-macrophage densities and activation in the very preterm, along with lower
incidence of astrogliosis [136]. Based on the activation profile of microglia during
pregnancy, this further supports the notion that cellular vulnerability may be determined by
the age-dependent activation pattern of microglia, in addition to specific oligodendroglial
developmental stage in preterm brains.

Preoligodendrocytes [O4+, myelin basic protein-negative (MBP-); fig. 1 ] have been shown
to be particularly susceptible to free radical attack and excitotoxicity [113] ; hence,
mechanisms which activate these pathways, such as elevated brain cytokines, are most likely
to produce apoptotic death and WM injury in PVL [137]. Despite reports of
preoligodendrocyte vulnerability in PVVL [138], the numbers of preoligodendrocytes as
identified with Olig2 — a cell type-specific transcription factor expressed in cells of the
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oligodendrocyte lineage — were not found to be significantly different from controls [136], a
feature also found in separate studies of preoligodendrocytes in PVL [139]. Both
oligodendrocytes and microglia were observed to proliferate in focal and diffuse lesions of
PVL, although these differences in cell number did not reach statistical significance in the
analyzed samples [139]. This latter finding is unexpected, as activated microglia are
significantly increased in PVL. Possible explanations include time point of analysis and
other reasons for the increase, such as cell migration from adjacent regions [139].
Nonetheless, these observations indicate that subtle changes in WM may occur without
accompanying changes in oligodendrocyte cell number, and the challenge in understanding
diffuse and milder forms of PWMI may lie in identifying changes in many other properties
of myelination, such as myelin lamellae ultrastructure, myelin protein expression levels and
distribution, as well as interaction with other cell types, notably with neuronal axons.

Microgdliain PVL: While it is unclear whether the brain’s inflammatory response is
secondary to systemic inflammation from infection, or to ‘sterile’ traumatic injury like
hypoxia-ischemia, it was consistently found that the inflammatory response in WM was
mediated by resident microglia. Characterization of autopsy brain tissue from PVL cases has
revealed not only preferential WM involvement, but also diffuse microglial activation
throughout the affected WM, along with protein nitration and lipid peroxidation in
premyelinating oligodendrocytes [49]. An abundance of activated microglia has been found
in the diffuse component of PVL, with macrophages in the necrotic foci, and without
marked presence of activated microglia over the cortex [49]. This analysis, based on markers
of activated microglia and astrocytes, showed that the overlying cerebral cortex was spared
[49], making PVL a predominantly WM disease. The toxicity of elevated nitric oxide arises
from the formation of the protein adduct, nitrotyrosine, a product of macromolecular
damage, in the presence of reactive oxygen species. Characterization of the PVL lesions for
enzymatic markers of tissue damage revealed a significantly increased density of cells
positive for induced NOS (iNOS), which produces nitric oxide from arginine. The iNOS-
positive cells were reactive astrocytes and microglia [140], although both of these cell types
were not always present together in the lesions. iNOS expression was found in both the
focally necrotic and diffuse lesions of PVL. Within the diffuse lesions, while reactive
astrocytes were present at all stages of PVL, iNOS-positive CD68+ microglia were
predominantly found in acute lesions and not subacute ones. Nitrotyrosine adducts have
been identified in PVL in premyelinating oligodendrocytes [49], so that these studies
collectively indicate that oligodendrocyte damage in PVL due to peroxynitrite may be
mediated by reactive astrocytes as well as activated microglia.

Endotoxin Models

Studies of maternal infections have shown an association with high incidence of
schizophrenia [141]. An increased inflammatory cytokine profile was observed in the serum
of mothers at mid-pregnancy who subsequently gave birth to children with developmental
delay or autism [142]. The prenatal cytokine hypothesis of schizophrenia is supported by
abundant evidence: the involvement of numerous pathogens, such as influenza, rubella,
measles, polio, herpes simplex and toxoplasma, indicates that the maternal immune system,
through induction of proinflammatory cytokines, can alter early brain development and
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consequently elevate the risk of schizophrenia and behavioral disorders in the offspring
[143]. The cytokine-mediated inflammatory response to infection in both maternal and fetal
compartments depends on the stage of gestation. Furthermore, the timing of infection is
believed to determine the nature of the abnormality. Mid-gestational maternal infection
results in suppressed exploratory behavior, while late gestational infection gave
perseverative (uncontrolled repetitive) behavior implicated in schizophrenia, autism, and
obsessive-compulsive disorders [144].

To mimic systemic prenatal bacterial infection, maternal exposure to LPS administered
through intraperitoneal injection has been widely used in several animal models of prenatal
inflammation. LPS is a major component of the outer membrane of Gram-negative bacteria
and is recognized by Toll-like receptor (TLR) 2 and 4. Upon binding to TLR, LPS
stimulates the release of proinflammatory cytokines such as IL-1B, IL-6 and TNF-a [145,
148].

The fetal immune system is not functionally mature until after mid or late gestation [147], so
that the LPS injections in the prenatal model frequently target rodent gestation days 15-16
(mid) or 18.5 (end of murine gestation). Intracervical injections at 15 days of gestation (E15)
leads to differential elevation of cytokine levels within the placenta and fetal brain within 24
h [148], increased cellular apoptosis and cytokine expression in fetal rat brains at E20,
followed by decreased 2/,3”-cyclic nucleotide 3’-phosphodiesterase and proteolipid protein
(PLP) levels in the corpus callosum at postnatal day 21 (P21) [149]. Activated microglia
identified by Ox42 immunostaining were however not detected at this age, but the fetal
immune system was found to participate in the production of cytokines such as IFN-vy,
which was higher within the fetal brain than in the placenta. This mid-gestational LPS model
in rats was also reported to produce reductions in communicative behaviors (ultrasonic
vocalization) and associative learning (odor-stroke stimulus) at P8 [150]. Similar WM injury
was observed with LPS injections at E18 and analyzed at P8 [151]. Strangely, activated
microglia were not found to be increased by LPS in this study. However, when intracerebral
LPS injections were performed at P5 instead, proinflammatory cytokines were induced, and
activated astrocytes and microglia were found [152], in addition to hypomyelination. The
reason for the preferential activation of microglia after postnatal LPS is unclear, but the role
of cytokines remains consistent. Myelination defects and ventricular enlargement were
improved by introduction of 1L-1 receptor antagonist, indicating an important role of
cytokines in injury [152]. In a mouse model of E18.5 intrauterine inflammation to produce
term chorioamnionitis, IL-1p and IL-6, both proinflammatory cytokines, were elevated
[153]. This was associated with remodeling in neurons [154]. It was determined that
inflammatory conditions were the cause of injury, rather than premature birth per se [154].
Inflammation that was insufficient to induce parturition, but sufficient to activate an immune
response in the placenta and fetal brain, was found to result in injury at P7 [155]. In a
separate study, chronic subclinical inflammation was shown to lead to WM damage in a
neonatal model in which low-dose LPS was administered daily between P3 and P11 [156].
In addition to impaired myelination, gray matter volume was also reduced [156], so that
low-level chronic inflammation should also not be overlooked in understanding widespread
neurodevelopmental changes. Using a primate LPS model, low-dose endotoxemia instead
showed a phenotype of enhanced gray matter and WM volume by MRI, although
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abnormalities were still observed in tests of prepulse inhibition [157]. This finding suggests
that these changes in brain volume may be characteristic of primates, and careful titration of
LPS response in various animal species would aid the interpretation of observations of
possible underlying mechanisms.

The effect of LPS on oligodendroglia is indirect, as oligodendrocyte damage only occurs in
the presence of microglia through TLR4 [158], although cytokines per se may have both
direct effects on oligodendroglia. It is also possible that a combination of both direct and
secondary injuries through activated microglia and astrocytes contributes to the damage in
PVL. Thus, persistent microglial activation results in ongoing and chronic
neuroinflammation seen in PVL [112]. Under physiological conditions, astrocytes and
microglia support OPC viability and development [159]. However, LPS-activated microglia
inhibit OPC proliferation [160] and induce death [161] in two successive waves, first via
nitric oxide release, then followed by TNF-a induction and loss of trophic support from the
action of insulin-like growth factor 1 (IGF-1) and ciliary neurotrophic factor 1 [161]. In
contrast, mature oligodendrocytes are protected by LPS-activated microglia [108, 160].
These observations demonstrate the selective vulnerability of the immature OPC to LPS-
and infection-mediated damage by activated microglia, which supports a developmental
origin of inflammatory WM injury.

Maternal or Neonatal Immune Activation with Polyriboinosinic-Polyribocytidilic Acid

Another animal model that involves the damaging effects of the maternal immune response
on the fetus is based on viral infections during pregnancy [162]. This model makes use of
maternal exposure to the viral mimetic polyriboinosinic-polyribocytidilic acid [poly(1:C)].
Double-stranded RNA, generated during viral infection as a replication intermediate for
single-stranded RNA, or as a by-product of transcription in DNA viruses, is recognized by
the pathogen recognition receptor TLR3. Poly(l:C) is a synthetic analog of double-stranded
RNA that also binds TLR3 [163] and stimulates the release of proinflammatory cytokines
like IL-1B, IL-6 and TNF-a [164-166]. In this mouse model, pregnant dams are exposed to
poly(I:C) at a specific gestational stage (e.g. E15 or E17). This causes a wide variety of
behavioral, cognitive, neurotransmitter and pharmacological abnormalities in adult offspring
[167-169]. To address the concern that prenatal exposure to poly(l:C) raised the rate of
abortion, Ibi et al. [170] have shown with daily subcutaneous injections of poly(l:C) in the
neonate that impairment was still detected in multiple behaviors, such as startle response,
social interaction, novel object recognition, and increased anxiety in the open field test
[170]. Metabolic disturbance after prenatal poly(l:C) was found to be accompanied by
changes in peripheral secretion of the proinflammatory cytokines IL-6, TNF-a, IL-2 and
IFN-vy [171], lending support that prenatal immune activation by viruses increases the risk of
schizophrenia-like abnormalities. In a recent study using poly(l:C) exposure at E9, Juckel et
al. [172] showed that microglial cells in the P30 hippocampus and striatum of offspring
brains were more numerous and more activated than in controls, indicating that microglial
activation likely contributes to long-term damage following maternal infection during
embryogenesis.
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Although the majority of studies demonstrate neuronal changes after poly(l:C) exposure
[173, 174], prenatal exposure has been shown to lead to delayed myelination and axonal
development in the hippocampus [175]. Both myelin thickness and axon diameter in this
region were found to be decreased at P14, but hypomyelination was no longer detected in
adulthood. This was distinct from axons in the frontal cortex, where such changes were not
observed even at P14 [175]. Furthermore, despite a decrease in MBP expression, there was
no significant loss of oligodendrocytes as detected by dual PLP in situ hybridization with
Olig2+ immunocytochemistry. It is possible that the mild and highly specific nature of the
injury in this study resulted in the lack of difference in the behavior tests in the open field
and spatial memory [175]. Nonetheless, the transient decrease in myelin protein levels is
reminiscent of neonatal hyperoxia injury (see below) where recovery of MBP levels,
accompanied by cellular recovery, appears complete by P15 [176]. In culture, however,
poly(l:C) prevents differentiation of OPCs and causes death of oligodendrocytes in enriched
cultures [177]. Despite ubiquitous TLR3 expression in preoligodendrocytes, microglia and
astrocytes, and the simultaneous activation of both microglia and astrocytes, the toxicity of
poly(I:C) to preoligodendrocytes was determined to be indirect, and mediated by microglial
production of TNF-a in culture [178]. Since poly(l:C) exposure results in increased
activation of microglia [179], similar to LPS, it is likely that activation characteristics
between the two stimuli may overlap. Indeed, it was found in cultured BV2 microglia cells
that both stimulated the production of TNF-a, IL-6, IL-1B, IL-1Ra and cyclooxygenase 2
[180], although precise patterns of activation may differ. This strongly supports the
microglial contribution to developmental WM damage and behavioral deficits.

Animal Models of Hypoxia-Ischemia and Chronic Perinatal Hypoxia

In addition to pathogen-induced inflammation, other established risk factors which
predispose the infant brain to PVL are hypoxia-ischemia (or asphyxia) and hypoxia. Such
conditions can occur in association with maternal diabetes, asthma, anemia, or as a
consequence of maternal or fetal heart disease [181, 182]. Premature or prolonged labor
compromises fetal oxygenation, as the infant has not yet developed a fully functional
cerebral blood supply and autoregulatory responses [183]. Furthermore, inadequate gas
exchange by poorly developed lungs in premature infants [184] often leads to tissue
hypoxia. In experimental models, both pre- and postnatal exposure to hypoxia-ischemia
inflict extensive damage to gray matter and WM. Transient uterine artery occlusion in rats,
lasting up to 60 min, on gestation day 18 to produce a prenatal hypoxic-ischemic insult leads
to persistent loss of oligodendrocytes and neurons by P5 or P9 [185, 186] that is consistent
with observations in survivors of preterm birth with brain damage [187]. To model near-
term hypoxic-ischemic injury using the Rice-Vannucci method and its variants for neonatal
rodents [188, 189], hypoxia-ischemia is induced in P7 rat pups by unilateral ligation of the
common carotid artery, followed shortly by exposure to systemic hypoxia with 92%
nitrogen/8% oxygen for up to 3 h. Hypoxia induced with 6% oxygen following an hour of
recovery after ligation of the proximal internal artery has been used to produce WM injury
[190, 191]. Hypoxia exposure at 24 h after ligation produces far less cell loss than at 4 h
[192], so that the broadest spectrum of necrotic injury in multiple brain regions is obtained
when ligation is followed immediately by hypoxia. Cerebral blood flow returns to control
levels immediately upon transfer to normoxic conditions, but the hyperemia that is typical of
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reperfusion in adults was reportedly not observed in the immature rat [193]. Younger
neonates (P1) have also been used to achieve conditions resembling mid-gestation hypoxia
[194]. Even an hour of ischemia by common carotid artery occlusion was sufficient to
induce long-term behavioral disturbance in postnatal rats, such as impaired prepulse
inhibition of the startle reflex measured 38 days after the injury and locomotor hyperactivity
[195]. The ischemic damage which produces spontaneous motor hyperactivity and memory
impairment in selective tasks has been associated with WM injury accompanied by axonal
degeneration [196].

DTI studies show that severe hypoxia-ischemia in both preterm and term neonates damages
deep gray matter, with less severe injury to periventricular WM in preterm neonates [197].
Tissue loss that includes cerebral degeneration and corpus callosum injury is associated with
chronic deficits in locomotor and spatial memory and learning [198], including the passive
avoidance test which assesses fear-induced memory [199]. Hypoxia-ischemia in neonatal
mice selectively increased apoptotic cell death in the subventricular zone, a germinal region
for neural progenitor cells, and the WM, but not in the striatum. The insult appeared to spare
mature oligodendrocytes, although hybridization assays showed rapid and significant
reductions in the expression of myelin genes [200]. Instead, the WM loss results from
selective death of preoligodendrocytes which would begin to express myelin genes [201].
Despite the increased generation of nascent oligodendrocytes following neonatal hypoxic-
ischemic injury [202], the recovery of WM function appears incomplete. The arrest in
myelination was due to a failure of maturation of oligodendroglia despite a dramatic
expansion of the preoligodendrocyte population (late oligodendrocyte progenitors) [203]. In
addition, radial glia became reactive nestin-expressing astrocytes, and an enhanced
proliferative activity of astrocytes, NG2+ oligodendrocyte progenitors and RIP-positive
oligodendrocytes was observed after injury [204]. This suggests that hypoxia-ischemia
induces cortical tissue remodeling, and brings significant changes in cell numbers. In
addition to cell necrosis in the corpus callosum, the numbers of both NeuN+ neurons in the
cortex and hippocampus were also decreased [205], along with an increase in the total
number of cells undergoing apoptotic death [206]. Under these conditions, greater numbers
of activated microglia were found [205], whose inhibition with minocycline led to
improvement in neurobehavioral function and reduction in WM loss.

While perinatal hypoxia-ischemia produces a range of severe pathologies that overlap with
the stroke phenotype, the contribution of hypoxia alone has also been recognized to be very
important in causing brain injury and altered neuronal development. A survey of the gene
changes reported to be significantly associated with schizophrenia revealed that more than
50% of these were regulated by hypoxia and expressed in the vasculature [207], indicating a
critical role for inadequate oxygen delivery in brain injury. After chronic sublethal hypoxia
during the first 7-10 days of postnatal life, rodents show temporary WM reduction and loss
of cortical neurons in the weeks following recovery from exposure [208]. However, even
after apparent recovery of WM tissue [208], long-lasting neurobehavioral deficits, such as
those in working memory, are detected [209]. Tissue loss in the hippocampus occurs at a
greater rate in males than females, which may account for sex differences in risk assessment
for poor neurodevelopmental outcome [210]. Microglia are active in phagocytosis of debris
from degenerating axons and other apoptotic cells in neonatal rodents after hypoxia [211].
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Through cytokine release such as TNF-a and IL-1p [212], accompanied by increased
susceptibility through elevated TNF-R1 expression in oligodendrocytes in WM [212],
microglia are believed to be responsible for early events in the inflammatory response to
hypoxic conditions [213], and to contribute to the death of both neurons and
oligodendrocytes in the developing brain [214].

Hypoxia-induced loss of myelin-associated Nogo-A increases axonal sprouting and
encourages axonal misconnection in the corticospinal tract, corpus callosum and caudate
nucleus in the adult [215]. A study of the direct effects of progressive hypoxia on cultured
oligodendrocytes showed that synthesis of the major myelin component galactosylceramide,
which is an ATP-dependent process, was severely impaired, as newly synthesized ceramide
was inhibited from being transported to sites of galactosylation [216]. It is possible that
chronic inhibition of this process could lead to eventual death of the cell. Paradoxically,
hypoxia was also shown to enhance the generation of MBP+ oligodendrocytes in culture,
and to decrease the population of progenitor cells, a process involving regulation of cell
cycle regulators p27Kip1 and phospho-cdc2 (cyclin-dependent kinase 1) [217]. This study
suggests that low oxygen conditions promote premature maturation of oligodendrocyte
progenitor cells, and demonstrate that oligodendrocyte progenitors do respond directly to
hypoxia in the absence of inflammatory influences.

Animal Models of Hyperoxia-Induced Perinatal WM Damage

For preterm infants, premature birth into room air may constitute exposure to relative
hyperoxia, with oxygen tensions 3- to 4-fold higher than physiological levels in utero [218].
Establishment of neonatal rodent models using 80% oxygen (i.e. 4-fold over 21% oxygen in
room air at atmospheric pressure) has facilitated our understanding of the effects of oxygen
on the developing brain. In the immature brain of newborn rats, hyperoxia (through
exposure to 80% oxygen) has been found to induce apoptotic neural cell damage [219].
Oligodendrocyte loss was consistently reproduced by exposure to oxygen at P3 and P6, but
exposure at P10 did not affect the WM, indicating a specific developmental window of
vulnerability [220]. In a mouse model of neonatal hyperoxia in which pups were exposed to
80% oxygen from P6 through P8, specific early changes to oligodendroglia were shown to
include reduced progenitor cell proliferation, modestly increased apoptotic cell death, and
delayed maturation of the oligodendroglial lineage within the WM regions [176].
Ultimately, however, the numbers of myelinating oligodendrocyte cells and MBP levels in
these mice return to normal levels by P15. Despite the transient nature of cellular
hypomyelination, persistent structural alterations in the corpus callosum are nonetheless still
detected by DTI at P30, P53 and P60, as indicated by decreased FA and increased radial
diffusivity [176, 221].

Consistent with these findings of WM damage, young adult mice previously exposed to
hyperoxia showed altered locomotor activity [221] in the motor skill sequence test which
reliably detects changes in fine motor ability [222]. This test involves an initial 2-week
training period using running wheels with regularly spaced crossbars, followed by a test
period using complex wheels with irregularly spaced crossbars. Running velocity is
electronically recorded throughout both phases. On training wheels with regularly spaced
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crosshars, mice that were previously exposed to hyperoxia showed significantly higher
maximum and average running velocities, suggesting hyperactivity as previously
characterized in the High-Runner mice, a selectively bred mouse strain that is considered a
mouse model of ADHD [223]. When subsequently placed on complex running wheels,
which demand high levels of central coordination, hyperoxia-treated mice showed a
decreased capacity to meet this motor challenge [221]. These activity and motor symptoms
are also consistent with those found in survivors of premature birth, who often suffer from
ADHD and impaired motor coordination [224, 225].

A systematic review by de Kieviet et al. [224] analyzing 10 clinical studies of motor
development in former preterm infants at ages 5-15 years found that there is an overall
motor impairment in very preterm children (i.e., less than 32 gestational weeks) and very-
low-birth-weight children (less than 1,500 g birth weight) compared with term-born peers.
In particular, there is poorer fine motor and gross motor performance in very preterm
children and very-low-birth-weight children had poorer outcomes for both fine motor and
gross motor subscales [226]. In addition, a strong association of very preterm birth and
diagnosis of ADHD through adulthood has been shown in a population-based cohort in
Norway documenting a 5-fold increased risk for ADHD in patients who were born at less
than 28 gestational weeks [227]. The clinical symptoms of ADHD children born preterm
may be categorized according to either the inattention type of ADHD or the hyperkinetic
disorder type including restlessness and poor impulse control [228, 229]. Motor symptoms
and ADHD symptoms tend to co-occur in low-birth-weight infants [230], with up to half of
the children with ADHD displaying motor deficiencies [231]. While the phenomenon of
attention is considered by many researchers as an executive function of the prefrontal cortex,
whose dysfunction is evident in patients with schizophrenia, schizophrenia is generally not
believed to be a sequela of ADHD. Nonetheless, a recent study reporting ADHD symptoms
in adolescents presenting as a precursor of adult psychosis suggests that the rare possibility
of developing schizophrenia spectrum disorders from ADHD-like symptoms should not be
dismissed or overlooked [232].

It is however presently unknown whether this rodent model of neonatal hyperoxia-induced
WM injury produces behavior phenotypes closely related to schizophrenia. The DISC1
mouse mutant was characterized using behavior tests, such as prepulse or latent inhibition,
forced swim test and tail suspension test [233], which measure sensorimotor gating in
anxiety-like behaviors, response to stress, and which detect depression-like responses. The
rodent hyperoxia model should be further tested for many behavioral parameters. As both
hypoxia and hyperoxia cause perinatal WM damage and decreased WM FA in rodents, they
could both potentially increase risk of schizophrenia; it would be important to compare the
lesions generated acutely by these distinct, yet related, injury paradigms at the
neurobiological level, along with studies of behavioral changes throughout postnatal
development to determine long-term functional impact.

In cell cultures of immature oligodendrocytes, 80% oxygen directly causes massive cell
death which can be blocked by pan-caspase inhibitors [234]. Hyperoxia also activated
pathways downstream of the FAS receptor, indicating apoptotic cell death as a major
mechanism of neural cell damage in vitro. Consistent with the beneficial effects of estradiol
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on oligodendrocyte survival in culture and in downregulating inflammation after spinal cord
injury in rats [235, 236], the administration of estrogen protects immature oligodendroglia
against hyperoxia-induced cell damage in a dose-dependent manner [237]. While diverse
cellular mechanisms are likely to contribute to damage, Schmitz et al. [176] have recently
documented that glutamate transport in WM is compromised after hyperoxia, and cultured
astrocytes exposed to hyperoxia have a decreased ability to protect OPCs against glutamate
toxicity. Hence, hyperoxia in neonatal rodents produces features of brain pathology
frequently found in preterm infants, and has proven to be a useful model in the
understanding of the causes and consequences of WM injury in the developing brain.
However, it is perhaps still too early to determine at what frequency infants who were born
prematurely eventually developed psychosis, as studies of this nature are still in progress;
nonetheless, according to a recent analysis of individuals born around 1974, the risk of
psychiatric disorder was clearly found to increase with the degree of prematurity [238].

Following hyperoxia exposure in the immature brain, inflammatory reactions have been
reported to involve up-regulation of proinflammatory cytokines IL-1f and I1L-18 [132, 133].
Administration of recombinant human 1L-18-binding protein, which is a specific inhibitor of
IL-18, attenuated brain injury caused by hyperoxia. Mice deficient in IL-1 receptor-
associated kinase 4, which is pivotal for both IL-1f and IL-18 signal transduction, were
protected against oxygen-mediated neurotoxicity [239]. In our lab, measurement of iNOS
and TNF-a in neonatal rat brains after acute exposure to hyperoxia at P6 for up to 24 h
showed a remarkable 28-fold increase in iNOS and an 8-fold increase in TNF-a gene
expression after only 3 h of hyperoxia (unpublished data). Taken together, oxygen toxicity
in the immature brain is associated with inflammation involving various cytokines and
mediators. Whether the origin of this inflammatory response is to be found in microglia,
astroglia or infiltrating cells, and whether it is of a primary nature or a secondary response to
oligodendroglial cell damage has yet to be clarified. Nevertheless, promising strategies for
neuroprotective intervention by enhancing anti-inflammatory properties, such as with
erythropoietin (EPO) and minocycline (see below), may benefit the premature infant.

Cytokine-Mediated Models of WM Damage

Chronic schizophrenia has previously been associated with inflammatory conditions, but it
was only recently found that first-episode psychosis patients showed elevated levels of
IL-1a, IL-18 and TNF compared with healthy controls [240]. An attempt at biochemical
staging between early and late chronicity however failed to establish differences in
inflammatory and oxidative stress markers [241], suggesting that such changes may occur
earlier, i.e. preceding onset of disease. While many animal-based studies have shown an
association between inflammation and perinatal brain injury, the clinical evidence offers
stronger support in preterm infants and subjects with PVL that elevated proinflammatory
cytokine levels play an important role in WM damage. It was noted that IL-1j was an
important feature of white matter pathology [242], while IL-8 was determined as a useful
predictor of WM injury in subjects with sepsis [243], while another study utilizing
ultrasound assessment of WM concluded that cytokine-receptor interactions were more
important [244]. 1L-1 was localized with matrix metalloproteinase 9, an IL-1-induced
neurotoxic mediator, in microglia/macrophages in cerebral areas [242], indicating that the
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IL-1 system may be involved in WM damage. In another study of premature infants utilizing
ultrasound assessment of WM, no direct association between individual plasma cytokine and
soluble receptor levels and WM injury could be definitively established [244]. However,
based on mathematical interactive analysis using bioactive cytokine models consisting of
variables calculated from cytokine/receptor equations for TNF, IL-1f and IL-6, the authors
of this study concluded that cytokine-receptor interactions were more reliable predictors of
injury than individual plasma levels [244].

Indeed, systemic inflammation in a neonatal mouse model using daily intraperitoneal
injections of IL-1f over 5 days resulted in lasting hypomyelination. This was characterized
by an increased number of unmyelinated axons and decreased diameter of myelinated axons
[245], which could be attributed, at least in part, to a block in the maturation of OPCs. This
is associated with reduced WM FA and memory deficits [245]. Intracerebral injections of
IL-1f in neonatal rats also produce a reduction in the number of developing
oligodendrocytes 24 h after injection. Injection of TNF-a did not have the same effect,
indicating that direct action of IL-1p impairs myelination [246]. IL-1p was found not to be
directly toxic to oligodendrocytes in pure culture, but causes apoptosis in the presence of
astrocytes and microglia [247]. The toxicity was attenuated by the AMPA receptor
antagonist NBQX, which indicates the involvement of glutamate excitotoxicity mediated by
microglia [248]. In addition, cytokine-induced loss of glutamate homeostasis by astrocytes
[249] also contributes to excitotoxicity to oligodendroglia.

Animal Models of Demyelination

Although not considered directly relevant to studies of neural development, demyelination
models are included because of behavioral features that are associated with adult WM
lesions. Cuprizone or biscyclohexanone oxalyldihydrazone is a copper chelator that
selectively damages oligodendrocytes and is widely used in mouse models of adult
demyelination. Microglia have an important role in the pathogenesis and progression of
multiple sclerosis, and studies have suggested that tissue changes and damage may also
occur in the absence of lymphocyte infiltration [250]. Chemical models of damage such as
cuprizone are generally considered less effective than an autoimmune model to recapitulate
multiple sclerosis, as these lack the leukocyte infiltration that is characteristic of the human
disease [251]. However, it remains immensely useful as a tool to analyze cellular responses
in mechanisms of WM damage and repair without the influence of the periphery. By
extending the period of exposure from 6 to 12 weeks, the extent of spontaneous cellular
repair can be greatly reduced or prevented. In addition to motor deficits [222, 252],
cuprizone has also been shown to impair working memory function, decrease social
interaction [253, 254] and to alter prepulse inhibition of acoustic startle, a physiological
property associated with schizophrenia [254]. Although cuprizone-induced demyelination in
the brain is widespread, clear regional differences are observed [255], and analysis of the
hippocampus and neocortex in this model indicates that damage in gray matter structures
occurs over a different time course than in WM [256], which implicates differences in
pathological mechanisms. Furthermore, lasting deficiencies in working memory were
observed even after remyelination following cuprizone exposure in younger adolescent mice
[253], and social interaction was impaired compared with exposure in adult mice, suggesting
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that the cellular and immune response to cuprizone damage may also be heightened in the
immature brain, which could potentially affect its capacity for repair.

In the adult, cuprizone not only stimulated microglia to proliferate locally but also recruited
microglia into areas of demyelination. The microglial expansion exceeded that of infiltrating
macrophages and T cells, and the T cells did not appear to be activated [257]. A role for
microglia in indirect cuprizone-induced damage was suggested in culture, in which neither
cuprizone nor proinflammatory (TNF-a/IFN-y) cytokines alone caused oligodendroglial cell
death, but instead showed a small increase in the percentage of proliferating cells in the S
phase [258]. The combination of cuprizone with cytokines, however, proved to be toxic to
primary oligodendroglia. Taken together with the observation that cuprizone-induced
demyelination is attenuated by minocycline, which also reduced Ox42/CD11b-expressing
microglia, these studies support the idea that the effects of cuprizone on oligodendroglia
may be mediated at least in part through cytokine secretion by activated microglia [258]. In
other studies, minocycline also showed beneficial effects in attenuating the myelin damage
in both cortex and corpus callosum after 4-6 weeks of cuprizone [259]. When administered
simultaneously with cuprizone, minocycline improved motor coordination in the beam
walking test, although the differential protection of various myelin-specific proteins was
partial and region-dependent. Notably in this study, spontaneous re-expression of the myelin
proteins PLP, MBP and 2/,3’-cyclic nucleotide 3’-phosphodiesterase was demonstrated in
the corpus callosum without minocycline, but in the cortex, progressive damage by
cuprizone continued. Minocycline also did not affect OPC numbers or the extent of
astrogliosis [259], suggesting that direct protection of these cells by minocycline was less
likely. Besides minocycline, modulation with antipsychotic drugs such as quetiapine and
clozapine [260] has also shown enhanced protection or cellular repair in the demyelinated
lesions using simultaneous treatment with cuprizone [260] or after cuprizone withdrawal
[261]. Importantly, quetiapine and clozapine improved cognitive function and blocked
abnormal social interaction in this model [260, 261]. The action of quetiapine may be anti-
inflammatory, as with minocycline, although specific effects on microglia in this
demyelination model are presently unknown.

Treatment with Anti-Inflammatory, Antioxidant and Antipsychotic Agents — Observations
in WM Injury

Given the body of evidence for the detrimental effects of microglial activation in perinatal
WM injury, along with studies showing microglia-mediated toxicity to OPCs in vitro, much
hope has thus been placed upon anti-inflammatory and antioxidant agents to alleviate the
damage to developing oligodendroglia. Based on studies that showed not only a reduced
anti-inflammatory capacity, but also a reduced response to anti-inflammatory stimuli in term
and preterm infants [262], cytokines or pharmacological agents which enhance anti-
inflammatory activity would be expected to improve neurological outcome in injury models.
In fact, a study performed in preterm infants found a correlation between homozygosity for
an allele for high expression of IL-10 and a reduced risk of disorders of prematurity [263].
In the following paragraphs, recent findings are summarized which describe anti-
inflammatory approaches to intervention in experimental models of developmental WM
injury.
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The anti-inflammatory cytokine IL-10 is known to inhibit both IL-6 and TNF-a production
in LPS-stimulated cells of the THP-1 human leukemic monocyte line and a rat alveolar
macrophage line [264]. Consistent with these results, the application of IL-10 in neonatal
mice protected neonatal mice from excitotoxic brain injury [265]. IL-10 was also protective
in maternal Escherichia-coli -induced WM injury [266, 267]. Accordingly, sensorimotor
impairment associated with the damage, such as delayed righting, startle response and eye
opening, was prevented with IL-10 combined with ceftriaxone [268]. Ceftriaxone is an
antibiotic which increases glutamate transporter activity [269] and which has demonstrated
neuroprotective properties [270]. In this study, neonatal infection with E. coli also led to
long-term memory deficits in P75 adult rats. The combined IL-10/ceftriaxone treatment
lowered IL-1p levels in infant rats at P8, prevented ramified microglial morphology,
increased locomotor activity and offered some protection against changes in long-term
potentiation and the impairment of learning and memory skills. In support of an important
role for IL-1p, treatment with an IL-1 receptor antagonist improved fetal mortality, offspring
WM structure and motor behavior in a maternal LPS model [271]. The importance of
blocking the effects of IL-1 is further supported by the application of a-phenyl-N-tert-butyl-
nitrone, a free radical scavenger, in providing long-lasting protection against IL-1B-induced
brain injury. IL-1p exposure causes ventricular enlargement, loss of mature
oligodendrocytes, impaired myelination, and motor deficits, all of which were attenuated by
inclusion of a-phenyl-N-tert-butyl-nitrone [272]. The protection was not restricted to the
WM, as IL-1-induced pathology included axonal and dendritic damage, which were also
ameliorated by a-phenyl-N-tert-butyl-nitrone treatment [272].

EPO is emerging as an effective protective agent, despite concerns of complication arising
from its erythropoietic effects. EPO has been shown to act directly on neural cells in culture
and offers protection in animal models of injury [273]. In a rat model of hypoxia-ischemia
by transient uterine artery occlusion, neonatal administration of recombinant EPO was
shown to improve the survival of oligodendrocytes and GABAergic neurons, restore myelin
production and motor performance in adult rats [185]. Notably, seizure threshold after injury
was raised to normal levels with EPO treatment, indicating that the prenatal trauma-induced
changes in neuronal development and circuit formation that lead to epilepsy are not
irreversible [185]. In a late gestation LPS model, two paradigms — maternal and postnatal
EPO treatment — both reduced the levels of IL-18, TNF-a and IL-6, accompanied by
attenuation of apoptotic cells in the periventricular WM [274]. However, maternal EPO was
more effective in protecting the WM from loss of myelin-producing cells. This indicates that
the majority of the reversible damage occurs temporally closer to the initiation of the
infection, and thus offers a viable treatment option.

Minocycline is a widely used tetracycline derivative that also suppresses the activity of
inflammatory mediators independently of its antibiotic activity. It attenuates LPS-induced
neuroinflammation and behavioral changes [275], as well as enhances the survival and
growth of neural stem cells after ischemic stroke in adult rats [276]. Minocycline has also
been shown to provide protection against gray matter and WM damage from insults such as
neonatal hypoxia-ischemia [205, 277] and LPS exposure [278]. Minocycline promoted
remyelination in culture after IFN-y and LPS demyelination, indicating that attenuation of
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microglial activity supports myelin repair by enhancing the maturation of oligodendrocyte
progenitor cells [279]. Recently, a direct protective effect of minocycline on purified
oligodendrocyte progenitors under oxygen-glucose deprivation stress (an in vitro model of
hypoxic-ischemic stress) has been demonstrated [280], which was associated with increased
expression of super-oxide dismutase in oligodendroglial cells, leading to reduced free
radical toxicity and increased cell survival. In support of increasing clinical application,
patients with schizophrenia have shown improvement after treatment with minocycline as
adjunctive therapy to antipsychotics [281]. In a recent case study of a patient on such
therapy, improvement of positive symptoms was accompanied by minocycline-induced
changes in cerebral blood flow. Neuroimaging of cerebral blood flow by brain SPECT scans
showed hyperperfusion in the posterior cingulate gyrus that was reduced after minocycline
treatment [282]. As mentioned previously, the mechanism of neuroprotection by
minocycline is not well understood; it has been proposed that minocycline may be a
modulator of NMDA-R signaling via p38 or PI13k/Akt pathways [283], or a positive
modulator of glutamate GIuR1 receptor subunits, which could potentiate the action of
antipsychotic drugs [284]. Regardless of its mode of action on glutamatergic transmission,
these case studies show that intervention with minocycline appears to remain effective after
the presentation of clinical symptoms, which offers clear advantages over other potential
experimental treatments.

Steroids have long been the mainstay of anti-inflammatory treatments. Cortisol is known to
repress LPS-induced nitric oxide production and TNF release from microglia [285].
Ameboid microglial cells are depleted following glucocorticoid injection, and the remaining
microglia became ramified, indicating enhanced maturation [286]. Adult microglia express
transcripts for glucocorticoid, mineralocorticoid receptors and estrogen receptor alpha, and it
is believed that LPS challenge down-regulates steroid hormone receptors to suppress the
anti-inflammatory actions of endogenous steroid hormones, leading to sustained activation
of microglia [287]. Changes in maternal corticosterone levels can also affect microglial
properties in newborn pups [288]. Pregnant rat dams subjected to daily forced swim test
showed elevated corticosterone levels at gestation day E20, and analysis of their P1 pups
revealed a reduction in the number of ameboid or immature microglia, accompanied by an
increase in ramified microglia, indicating accelerated microglial differentiation compared
with pups from unstressed dams [288]. In culture, corticosteroids were shown to reverse the
inhibition of oligodendrocyte development imposed by a combination of the
proinflammatory cytokines IFN-y and TNF-a, thus improving survival and maturation
[289]. The synthetic corticosteroids dexamethasone and betamethasone were also found to
protect the WM from neonatal LPS exposure, attenuating many LPS-induced behavioral
deficits, e.g. rearing, beam walking, learning and elevated plus maze [290]. However,
locomotion and stereotypic movement dysfunction were differentially affected, and weight
loss was not prevented by either drug. This study suggests that the action of corticosteroids
offers some benefit in protection against brain damage [290]. However, the benefits do not
convincingly outweigh the dangers of toxicity, as indicated by the potential for adverse
effects [290], including hyperglycemia and hypertension. In fact, postnatal administration of
dexamethasone to preterm infants for the treatment of lung disorder leads to impaired
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neuromotor and cognitive function in school [291]. For this reason, the use of
dexamethasone is generally not encouraged in prenatal medicine [292, 293].

Results from MRI studies suggest that long-term administration of the antipsychotic drug
risperidone has a positive impact on WM volume of the frontal lobe in schizophrenic
patients [294]. Risperidone has been shown to prevent microglial activation, inhibiting
iNOS, IL-1B, TNF and IL-6 production by IFN-vy-stimulated microglia [295] more
effectively than haloperidol. As with risperidone, other atypical antipsychotics like
perospirone, quetiapine and ziprasidone are effective against IFN-y-induced activation of
microglia [296]. After neonatal hypoxia in rats, clozapine was shown to block the deficit in
prepulse inhibition [297], although specific effects on microglial activation were not
analyzed in this model. A significant 25% volume increase of the anterior internal capsule
has been found in a small study on schizophrenia patients after 1 year of constant treatment
with olanzapine [298], demonstrating the importance of protecting WM structures in
treatment. In contrast, negative effects of haloperidol treatment on oligodendroglial gene
expression [299] were found in mice, and decreased cell numbers of astroglia and
oligodendroglia have been reported in response to both haloperidol and olanzapine in
healthy macaque monkeys [300]. Given the current evidence, the atypical antipsychotic
agents show overall advantages over haloperidol in reducing WM tissue damage and some
functional deficits in the cuprizone-induced injury, but mixed results may complicate
interpretation about drug efficacy in distinct paradigms of experimental WM lesion [301].

Besides anti-inflammatory agents, the growth factor IGF has been used to alleviate WM
damage from LPS and hypoxia-ischemia. Although intranasal IGF does not affect the
production of cytokines IL-1f and TNF-a after LPS exposure, it nevertheless attenuated the
WM injury and also improved some behavioral deficits [302]. It is highly likely that the
route of administration and dose determines the outcome of IGF treatment, as it has been
shown to produce paradoxical effects on LPS injury [303]. Another growth factor, EGF,
whose activity maintains the neural progenitor population in the adult rodent subventricular
zone, has been shown to have profound effects in protecting the adult WM from the effects
of chemical demyelination in the mouse corpus callosum [304]. Although it is unknown how
inflammatory mediators are affected by EGF receptor activity, based on these findings, it
would not be unreasonable to predict that the developing brain may also benefit from
enhancing neural progenitor function with growth factors after perinatal WM injury.

Closing Comments

In summary, it has become clear that compromised WM function is an important property
which underlies sensorimotor and cognitive impairment in schizophrenia, and that abnormal
immune activation plays a role in disrupting the development of WM structures. Targeting
microglia activation in neurodevelopmental WM disorders and schizophrenia is showing
promising results in improving the preservation of oligodendrocyte survival, progenitor
maturation, myelination, WM integrity and attenuating behavioral deficits in a number of
animal models of perinatal hypoxic and inflammatory damage. No potential
pharmacological treatments are without caveats, as activated microglia participate in both
damage and repair, and at present, many current approaches targeting inflammatory WM
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damage may be better understood in adult disease than in the developmental setting [305].
Furthermore, modulating the inflammatory process may represent only a part of the strategy
for intervention, since other protective measures, such as trophic/growth factor
supplementation and stem cell manipulation, contribute to the prevention of lasting damage
at various stages of lesion progression. As advancements are being made in determining the
risk factors, high-risk criteria and detection of the onset of schizophrenia, and safer
preventative and therapeutic approaches may be designed and implemented at stages
deemed most efficacious during brain development.
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Fig. 1.
Schematic representation of the changes in morphology and gene expression during

oligodendroglial development (a) and microglial activation (b), with characteristic stage- or
state-specific proteins presented in boxes. Exposure of susceptible cells (a) to activated cells
(b) contributes to changes in WM integrity. a Damage to immature stages of the
oligodendroglial lineage leads to compromised WM integrity. The OPC develops from a
neural precursor as a proliferative, migratory cell which expresses surface antigens (e.g.
NG2, PDGFR-a) that are used as identifying markers to distinguish them from the
postmitotic, morphologically complex and increasingly membranous immature
oligodendrocyte and mature oligodendrocyte. Arrows between developmental stages in
oligodendroglia denote the direction of lineage progression during maturation. OPCs and
preoligodendrocytes possess the capacity for self-renewal (circular arrows), whereas this
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ability is lost in immature and mature oligodendrocytes. The oligodendroglial lineage is
characterized by monoclonal antibodies against surface gangliosides (GD3, A2B5, RIP),
sulfatides (O4), and the galactolipid galactocerebroside (GalC). Progenitors are further
identified by the NG2 proteoglycan and platelet-derived growth factor receptor-alpha
(PDGFRa). Myelin-specific proteins are abbreviated as follows: CNP = 2/,3’-cyclic
nucleotide 3’-phosphodiesterase; MAG = myelin-associated glycoprotein; MOG = myelin
oligodendrocyte glycoprotein. The nuclear transcription factor OLIG2 is widely used for the
histological identification of oligodendroglial cells, because of its lineage-restricted
expression throughout oligodendrocyte progenitor development. The O4+ stage
oligodendroglial cell has been found to be particularly susceptible to perinatal damage, as
shown with the solid bracket [201]. The possibility of hyperoxia-induced damage to NG2+
cells [176] has been included by the dashed partial bracket. b Resting or ramified microglia
receive environmental signals that transform the surveying microglia to an activated
phenotype. Microglia under activation and deactivation, and distinct polarizing stimuli may
induce either classically activated, proinflammatory M1 state or alternatively activated anti-
inflammatory M2 state. M1 macrophage/microglia produces proinflammatory cytokines and
oxidative metabolites, and may damage healthy neural cells while protecting against tumors
and pathogens. M2 microglia are anti-inflammatory, and promote tissue repair, remodeling
and angiogenesis. The dashed line between M1 and M2 denotes less easily defined
intermediate phenotypes. Boxes list CD antigen proteins, enzymes and cytokines whose
expression and/or secretion characterize distinct microglial activation states. MMP = Matrix
metalloproteinase; TGF-p = transforming growth factor ; FcyR = Fcy receptor [78, 83].
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Table 1

Summary of symptoms and core abnormalities in schizophrenia

Property

Abnormalitiesin schizophrenia

Risk factors

Obstetric complications (e.g. bleeding during pregnancy, abnormal fetal growth, premature labor and neonatal
asphyxia) [56, 57]

Maternal infection, premature labor and delivery [55]

Familial disease [306]

Prodromal/high-risk state/
psychosis risk syndrome

Poor prenatal care (e.g. low socioeconomic status, inadequate prenatal nutrition, maternal obesity and substance
abuse) [307, 308]

1 Attenuated psychotic symptoms, e.g. unusual thoughts, perceptual abnormalities, suspiciousness
2 Brief and self-limiting psychotic symptoms, e.g. delusions

3 Disturbances in cognitive processing, impaired speech fluency and self-perception

4

Negative symptoms, e.g. awkwardness, anxiety, decreased expression of emotion, decreased
engagement and role functioning [9, 309]

5 Reduction in WM volume prior to onset of psychosis [42]

Behavioral symptoms

Positive: hallucinations, delusions, confused thought and speech process

Negative: apathy, disinterest, social withdrawal and isolation, mood symptoms [310, 311]
Endophenotypes: deficient prepulse inhibition or suppression of EMG response to auditory stimulus after
prepulse stimulus. Impaired gain in eye movements when following object. Low performance 1Q, reduced
verbal memory, working memory, attention span, reduced processing speed [16]

Brain structure

Low cerebral volume, higher lateral ventricle volume, reduced WM volume [20, 312]

Altered WM connectivity and ultrastructure [2]

Reduced FA and increased radial diffusivity in WM regions, including corpus callosum, measured by DTI
indicating compromised WM integrity even in early stages of schizophrenia [312]

Cellular and biochemical
changes

Lack of normal developmental increase in mature oligodendrocytes in high-risk individuals, resulting in loss of
myelin-producing cells [23, 67, 312]

Stem cells from schizophrenia patients generate a larger pool of proliferating progenitor cells with reduced cell
cycle period [53]

Impaired monocyte activation, reducing pathogen clearance that can cause low-grade inflammation [111]
Neuroinflammation and increased microglia activation, dysregulation of chemokine and cytokine production
[109, 110, 313]

Gene expression changes

Reduction in expression of multiple myelin genes — e.g. myelin and lymphocyte protein, 2/,3’-cyclic nucleotide
3’-phosphodiesterase, myelin-associated glycoprotein [33]

Abnormalities in genes involved in neuronal communication involving glutamatergic, GABAergic,
dopaminergic, and cholinergic synapses, synaptic plasticity and neuronal development [24, 314, 315]

Changes in markers of GABA signaling, e.g. decreased glutamic acid decarboxylase 65 and 67 expression [316,
317]
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